Compared with young adults, older adults have significantly impaired capacities to resist oxidative damage when faced with acute stress such as ischemia/reperfusion. This impairment likely contributes to increased morbidity and mortality in older adults in response to acute trauma, infections, and the susceptibility to diseases such as atherosclerosis, cancer, diabetes, and Alzheimer's disease. Consumption of foods high in polyphenols, particularly anthocyanins, have been associated with improved health, but the mechanisms contributing to these salutary effects remain to be fully established.
Introduction
Oxidative stress, defined as an imbalance between the rate of formation and the rate of clearance of reactive oxygen and nitrogen species (RONS), 8 is thought to be a key mechanism in the aging process (1) (2) (3) and in a variety of age-related chronic diseases, including atherosclerosis (4), cancer (5), diabetes (6) , and Alzheimer's disease (7, 8) . We have recently shown that healthy older adults have an impaired capacity to resist oxidative damage after exposure to an acute stress [forearm ischemia/reperfusion (I/R)] compared with young adults (9) . This impairment may account for the greater morbidity and mortality of older adults compared with young adults during trauma, infections, or surgery, as well as their increased susceptibility to cardiovascular and neurodegenerative disease.
I/R increases production of reactive oxygen species and frequently occurs in acute events that afflict older adults such as trauma, cardiovascular disease, and surgery. Therefore, mild forearm I/R is a useful stress test for assessing individual capacity to resist oxidative damage. The acute effect of I/R on oxidative damage is determined by measuring levels of plasma F 2 -isoprostanes, stable end-products of arachidonic acid peroxidation. Plasma and urinary F 2 -isoprostane levels were recently demonstrated to be the most sensitive and reproducible indicators of acute oxidative damage in a large-scale study of the most commonly used oxidative biomarkers (10) . Interestingly, whereas F 2 -isoprostane levels markedly increase when there is ongoing chronic disease, including cardiovascular disease, cancer, diabetes, and Alzheimer's disease or in the immediate aftermath of trauma, infection, or surgery, in apparently healthy adults under nonstressed conditions the levels of F 2 -isoprostanes are similar to young adults. Thus, the antioxidative capacity of older adults appears to be sufficient to maintain homeostasis in nonstressed conditions, but insufficient to cope with a substantial oxidative challenge. Therefore, identifying interventions that improve resistance to oxidative damage during an acute challenge might be of great potential value in decreasing morbidity and mortality in older adults, even if these interventions do not affect basal levels of oxidation.
It has been proposed that the antioxidant activities of fruits and vegetables come from the additive and synergistic effects of their phytonutrients and that isolated dietary supplements do not exhibit these same benefits (11) (12) (13) . We therefore chose to test an intervention that would provide a natural blend of phytonutrients that would also be easy to quantify and administer. Tart cherries have high levels of antioxidants in the form of phenolic compounds and anthocyanins (14) (15) (16) ; consequently, we chose a commercially available proprietary tart cherry juice to provide~120 mg of anthocyanins and 1100 mg gallic acid equivalents of phenolic compounds per day as our intervention.
Diets rich in polyphenols, especially anthocyanins, have been shown to increase resistance to oxidation in animals models (17, 18) . Previous studies that have examined the effect of consumption of fruit juice rich in anthocyanins in humans found no changes in F 2 -isoprostane levels, but these studies examined only the effect of the juice on levels measured under nonstressed conditions rather than after acute stress (19) . Because anthocyanins can activate xenobiotic responses, including expression of a plethora of antioxidant response genes, we hypothesized that increasing the dietary intake of diverse antioxidants, such as those contained in tart cherry juice, would increase resistance to oxidative damage after an acute stress, an effect that could potentially dramatically improve resistance to morbidity and mortality in older adults.
Methods
Participants. Twelve healthy men and women (6 men, 6 women) aged 61-75 y were recruited for this study. All study participants were nonsmokers and did not have a history of chronic disease. Exclusion criteria for study participation included use of antioxidant supplements in excess of a standard daily multivitamin, current hormone replacement therapy, uncontrolled hypertension, obesity as determined by BMI . 30 kg/m 2 , and use of antiinflammatory medication. The physical characteristics of the study participants are shown in Table 1 . Medications reported by study participants were related to cholesterol lowering (n = 5), blood pressure (n = 3), thyroid (n = 1), prostate (n = 1), and osteoporosis (n = 1). Seven study participants (58%) were not taking any medications.
Because 1 study participant had unexpected oral surgery during the placebo phase and was taking numerous medications that may have affected the response, these data were excluded from the analyses. The results of 2 samples from another study participant could not be analyzed due to laboratory error and were treated as missing data.
The protocol was approved by and performed under the guidelines of the Western Institutional Review Board and all participants provided written informed consent prior to entering the study.
Experimental design. The study was a randomized, double-blind, placebo-controlled, crossover trial. The I/R trial was performed at baseline and the study participants were then randomized to consume either the tart cherry juice (Cherrypharm) or placebo at a dose of 240 mL (8 fluid ounces) twice daily for 14 d. During the last 5 d of the intervention (d [10] [11] [12] [13] [14] , the study participants were asked to collect a first-morning urine sample for measurement of oxidative stress markers. The I/R trial was repeated at the end of the 14-d intervention. Between treatments, there was a 4-wk washout during which study participants were asked to continue their normal diet but without juice supplementation. After the washout period, the I/R trial was repeated a 3rd time and the study participants then crossed over to the opposite treatment group, tart cherry juice or placebo, for 14 d. Once again, they collected a first morning urine sample during the last 5 d of the intervention and then completed the final (and 4th) I/R trial.
Treatment and placebo drinks. As tart cherries have high levels of anthocyanins (14-16); we chose a commercially available tart cherry juice blend (CherryPharm). Frozen tart cherries, cultivar Montmorency, were used to prepare the cherry juice and mixed with apple juice concentrate preceding the standard hot fill procedures. The juice was packed into 240-mL (8 ounce) polyethylene terephthalate bottles. The juice in each bottle contains 59.5 mg of total anthocyanins (41.5 mg cyanidin-3-glucosylrutinoside, 15.4 mg cyanidin-3-rutinoside, 2.6 mg unknown anthocyanins) as measured by HPLC and 550 mg gallic acid equivalents of phenolic compounds as measured by spectrophotometric analysis with Folin-Ciocalteu's reagent, or approximately the equivalent of 50 tart cherries.
The placebo was a beverage intended to have similar sugar, acid, and visual properties but without the phytonutrient content found in the tart cherry juice blend. It was prepared by mixing unsweetened black-cherry Kool-Aid (Kraft North America) soft drink mix with water in the proportion recommended by the manufacturer. Sucrose was added to match the concentration of soluble solids in the treatment beverage. Additional color in the form of FD&C red no. 40 and blue no. 1 were added to match the color of the treatment beverage. The flavored beverage was also hot-filled using standard procedures and packed into 240-mL (8 ounce) polyethylene terephthalate bottles.
Forearm I/R trial. Study participants reported to the Kronos Longevity Research Institute Clinical Research Center in the morning after consuming a light breakfast without caffeinated beverages. Upon arrival, an i.v. catheter was inserted in the nondominant arm and a baseline blood sample was collected (234 min). The catheter was kept in the study participant with a saline drip throughout the trial. A blood pressure cuff was placed on the same arm, inflated to 200 mm Hg and kept inflated for 10 min, then released for 2 min. This inflation procedure was repeated twice more (total time = 34 min). At the 3 time points of cuff inflation when blood flow was occluded,~2 mL of heparin flush (10 kUSP/L) was injected into the blood sample tubing to prevent any clotting at the site. A blood sample was drawn 15 min after the final release of the blood pressure cuff and then at minutes 30, 60, 120, 180, and 240 post final cuff deflation.
The blood samples were centrifuged and the plasma layer extracted and frozen at 2808C until analysis. Free F 2 -isoprostanes in plasma were quantified, after purification and derivatization, using GC/negative ion chemical ionization-MS with [ Basal (nonstimulated) oxidative stress levels. To estimate the effect that changes in oxidative resistance capacity conferred to oxidative damage under basal conditions, urinary excretion of oxidatively modified protein, DNA, RNA, and lipids were measured. Study participants collected a first-morning voided urine sample on each of the last 5 d of each 14-d intervention. They were asked to refrain from any vigorous exertion during this period. The 5 individual urine samples from the respective collection period (placebo or tart cherry juice) were pooled by mixing an equal amount from each daily sample. The pooled sample was then aliquoted and stored at 2208C until analyses. Urinary 8 -hydroxyguanosine (8-oxo-G), and dityrosine were performed using a liquid chromatographic-tandem MS as previously described (21) .
Statistical analyses. The plasma F 2 -isoprostane response across time for the I/R trial was analyzed by 2 3 2 3 7 repeated-measures ANOVA (treatment 3 trial 3 time point). The integrated F 2 -isoprostane response for each individual, at each trial, was calculated as the area-under-theresponse-curve (AURC) by the method of the trapezoidal rule. The mean AURC responses were analyzed by 2-way repeated-measures ANOVA. Differences in urinary markers of oxidative damage between the 2 treatments were analyzed by paired t test. Differences without normal distribution (as determined by Kolmogorov-Smirnov test) were analyzed by Wilcoxon's Signed Rank test. All comparisons were considered significant at P , 0.05. All data shown are the mean 6 SE. The statistical analyses were conducted using SPSS 11.5 software.
Results
All 12 study participants completed both phases of the study and compliance with the supplement consumption was good: 100% for the tart cherry juice and 99.7% for the placebo (1 bottle missed by 1 subject).
The capacity to counteract oxidative challenge (I/R trial). Levels of plasma F 2 -isoprostanes increased in response to the I/R challenge in all 4 trials (P , 0.05). The F 2 -isoprostane response to the I/R trial did not differ before or after placebo (Fig. 1A) . In contrast, treatment with tart cherry juice resulted in a reduced response to the I/R trial (treatment 3 trial interaction; P , 0.05) (Fig. 1B) . There was no order effect (P = 0.23), indicating that the wash-out period was sufficient. Plasma F 2 -isoprostanes concentrations measured prior to each of the 4 I/R trials completed by the study volunteers did not differ and were 0.09 6 0.01, 0.10 6 0.02, 0.10 6 0.01, and 0.10 6 0.01 nmol/L for preplacebo, postplacebo, precherry juice, and postcherry juice, respectively.
To compare the integrated response to the I/R trial, we calculated the area under the response curve for F 2 -isoprostanes for each of the 4 trials (Fig. 2) . There was a significant effect of the tart cherry juice intervention when the individual pre-post difference was analyzed compared with placebo (P , 0.05; Wilcoxon's Signed Rank test; Z = 22.045).
Basal systemic levels of oxidative stress (urinary markers of oxidative damage). To assess the effect of tart cherry juice intervention on oxidative markers in the basal (nonstressed) conditions, we measured the accumulation of oxidative damage in both short-lived (e.g. lipids) and long-lived (e.g. DNA) macromolecules in urine. As expected, there were no changes in shortlived markers under basal conditions. Urinary F 2 -isoprostanes did not differ between the intervention and placebo (15-F 2t -IsoP, 5-F 2t -IsoP, 5-F 2c -IsoP; see Table 2 ) and there was no significant change in dityrosine, a marker of protein damage (data not shown), as a result of the intervention. Interestingly, there were significant changes in long-lived markers of oxidative damage, namely markers of DNA and RNA damage. 8-OHdG and 8-oxo-G, measured in a pooled sample from urine collected during the last 5 d of the treatment period, were both significantly lower during the tart cherry juice treatment compared with the placebo (Table 2) . Mean levels of 8-OHdG were 2.0 6 0.2 mmol×mol creatinine during the placebo treatment compared with 1.8 6 0.1 mmol×mol creatinine during the tart cherry juice treatment (P , 0.05). Mean levels of 8-oxo-G were 3.0 6 0.3 mmol×mol creatinine during the placebo treatment compared with 2.3 6 0.1 mmol×mol creatinine during the tart cherry juice treatment (P , 0.05).
Discussion
In the present study, we assessed the effect of a 14-d intervention with tart cherry juice rich in anthocyanins on the capacity of older adults to restrain oxidative damage, measured as plasma F 2 -isoprostane levels, after an acute stress in the form of mild forearm I/R. We previously showed that this capacity was impaired in older adults compared with young adults and that older women who received estrogen replacement therapy from the perimenopausal period forward had less impairment than untreated age-matched women (9). Our results indicate that a dietary intervention using a commercial tart cherry juice was able to significantly improve resistance to oxidative damage after I/R stress. In contrast to this marked difference after I/R stress, there were no significant effects on mean baseline levels of plasma F 2 -isoprostanes measured prior to the I/R trials.
In any study using an acute stimulus multiple times, there is a chance of a conditioning effect whereby the stimulus elicits a lower response in trials subsequent to the initial one. The I/R trial did not appear to bring about a conditioning effect in our cohort. The evidence for this is that the mean overall response postplacebo (AURC) did not differ from the preplacebo response (P = 0.228) and in fact was slightly higher (Fig. 2) . In addition, individuals who were treated with placebo first and therefore did 3 I/R trials before the cherry juice treatment had overall responses that did not differ among the first 3 trials (P = 0.213).
The present study was not designed to examine the specific cellular mechanisms whereby the phytonutrients in tart cherry juice exert their protective effects. However, at least 3 proposed mechanisms for the actions of anthocyanins may be relevant. For instance, anthocyanins can work as direct free radical scavengers through electron transferring and are effective electron donators (22) . However, anthocyanins are poorly absorbed and rapidly cleared. Therefore, whether the anthocyanin concentration was sufficient to act by this mechanism seems unlikely. Of more FIGURE 1 Plasma F 2 -isoprostane responses to the I/R trial in healthy older adults. Values are means 6 SEM, n = 11, for percent change from baseline levels pre-and postplacebo (A) and tart cherry juice (B). The heavy dark line denotes the time of forearm I/R. The I/R trial increased plasma F 2 -isoprostane levels (main effect of time, P , 0.05). The tart cherry juice intervention decreased the F 2 -isoprostane response to the I/R trial: treatment 3 trial interaction, P , 0.05, and treatment 3 trial 3 time point interaction, P , 0.01.
relevance may be the ability of anthocyanins to form cyanidin-DNA complexes that resist oxidative damage (23, 24) . The reduction of oxidative damage to DNA in vivo after intervention with the tart cherry juice may be attributable to this mechanism. Perhaps the most relevant potential mechanism whereby tart cherry juice might convey increased resistance is the capacity of anthocyanins to activate xenobiotic responses. Activation of nrf-2 by a number of polyphenols increases expression of phase II detoxifying enzymes and antioxidant enzymes (25) (26) (27) , which can directly act to eliminate free radicals and oxidatively damaged molecules.
Despite clear effects of the tart cherry juice of improving resistance to oxidative stress, the significance of this improvement to changes in long-term morbidity and mortality of older subjects remains to be determined. To date, there have been no long-term studies to our knowledge examining the association between the capacity to resist acute oxidative injury and life span or better clinical outcomes. However, several lines of evidence from animal studies suggest that maintaining the ability to upregulate antioxidant responses to resist oxidative damage is critical. First, upregulation of antioxidant response genes in response to oxidants is evolutionarily conserved across a broad spectrum of organisms from prokaryotes to humans. Second, the ability to upregulate antioxidant responses upon exposure to oxidants decreases with age in the model organism Caenorhabditis elegans and the failure of aged worms to upregulate antioxidant response genes results in significantly higher mortality upon exposure to oxidants (28) . Third, a number of interventions that increase lifespan in animal models also act to increase expression of antioxidant genes.
Our findings also point toward the need to be careful in interpreting the effectiveness of various interventions to alter susceptibility to oxidative damage. Judged solely by changes in F 2 -isoprostane levels under resting conditions, the tart cherry juice intervention did not significantly alter oxidative damage. However, tart cherry juice did confer a significant effect when F 2 -isoprostanes were elevated (i.e. after forearm I/R). Likewise, several studies with vitamin supplementation found a significant effect on F 2 -isoprostane levels only in individuals with already elevated basal levels of F 2 -isoprostanes such as obese, hypercholesterolemic women (29) or in overweight smokers (30) . Similarly, in a study examining the effects of endurance training on oxidative stress resistance in older men, Fatouros et al. (31) measured markers of oxidative stress (plasma malondialdehyde, 3-nitro-L-tyrosine) and antioxidant activity (total plasma antioxidant capacity, whole blood glutathione peroxidase) before and after a 16-wk exercise intervention. At each time point, these markers were measured in blood samples collected before (at rest) and immediately after a graded exercise test (acute stimulus). The greatest changes after intervention were in response to the acute stimulus rather than the changes at rest, suggesting an improved ability to dynamically upregulate antioxidant response genes. Dynamic upregulation of antioxidant defenses has been demonstrated in other studies using acute stimuli such as eccentric exercise (32) or ozone exposure (33) or in response to a meal (34) (35) (36) .
While the tart cherry juice intervention did not have significant effects on urinary levels of F 2 -isoprostanes or protein oxidative damage, there was a significant decrease in oxidatively damaged nucleic acids. Lowering of nucleic acid adducts may have an important implication in cancer prevention (37) . Because anthocyanins form complexes with nucleic acid that are resistant to oxidation, the decrease in 8-OHdG and 8-oxo-G levels most likely reflects a selective decrease in nucleic acid oxidation rather than a decrease in systemic formation or clearance of reactive oxygen species under resting conditions. However, because oxidatively damaged nucleic acids have a longer half-life than lipids or proteins, we cannot rule out the possibility that sampling first-morning void urine missed changes in these markers that would have been seen if urine was taken more immediately after consumption of the juice. A recent study found that anthocyanins and their metabolites are rapidly eliminated in urine, with 94% excreted in the first 6 h after consumption (38) . In our study, the urine samples were collected as first-morning void samples, which are presumably 10-12 h after last consuming the tart cherry juice (in the afternoon of the preceding day). Nevertheless, our results are in agreement with Weisel et al. (19) , who found reduced oxidative DNA damage after a 4-wk intervention with an anthocyanin-/ polyphenolic-rich fruit juice but no change in urinary isoprostanes. In addition, Bub et al. (39) showed reduced oxidative DNA damage in peripheral blood mononuclear cells after a 2-wk intervention with fruit juice high in anthocyanins and flavonols in healthy young men.
In conclusion, the data from this placebo-controlled, crossover study demonstrate that a dietary antioxidant intervention through consumption of tart cherry juice improves antioxidant defenses in vivo in older adults as shown by an increased capacity to resist oxidative damage after an acute stress and reduced oxidative damage to nucleic acids. These results also highlight the observation that various markers of oxidative damage may reflect different mechanisms of resistance to oxidative damage and that measurement before and after stress provide additional insight into the effects of an intervention. While our small sample size and the lack of urinary and plasma anthocyanin levels are limitations of our study, the within-subject study design is a strong countermeasure to these limitations. Future studies are needed to ascertain whether increased resistance Aging, oxidative stress, and tart cherry juice 1899
to oxidative damage, such as that shown in the present study, translates to a measurable reduction in the risk of developing and/or the progression of diseases associated with oxidative stress.
